Herein we describe a new method, targeted enhanced multiply charged scans (tEMC), for the quantification of therapeutic peptides in tandem mass spectrometry on the linear ion trap mass spectrometer. Therapeutic peptides with chain lengths between eight and 39 amino acid residues and charge states from 2+ to 6+ were used to evaluate and illustrate the method which relies on the ability to separate ions trapped in a linear ion trap according to their charges. In particular, interference from singly charged ions on multiply charged ions can be effectively minimized. The method requires optimization of relatively few parameters, the most important of which being the exit lens barrier (EXB) voltage, thereby offering substantial time saving in a high-throughput quantification environment that currently relies on selected reaction monitoring.
Introduction
P roteins and peptides are gaining importance as therapeutic drugs [1, 2] owing to their high activity, specificity, and low toxicity [3, 4] . With this increased interest, it is becoming necessary to rapidly develop quantitative methods for therapeutic peptides that will support a dynamic drug-discovery environment. Liquid chromatography (LC) interfaced with tandem mass spectrometry (MS/MS) is one of the preferred analytical technologies, as it provides high sensitivity and selectivity when operated in multiple reaction monitoring (MRM) or, more generically, selected reaction monitoring (SRM) mode [5] . Though widely used in the pharmaceutical industry for assaying small-molecule drugs, SRM suffers from a number of limitations that hinder its application to peptide-based drugs, especially in a high-throughput environment-recent applications in the quantification of tryptic peptides in the analysis of blood plasma notwithstanding [6, 7] .
Unlike small organic molecules, peptides have a large number of basic sites, many of which are protonated in the gas phase under standard electrospray conditions. The resulting cluster of charge states divides the analytical signal and decreases signal to noise; monitoring of several charge states and their associated fragments is typically required for unambiguous determination, which ultimately restricts the lower limit of quantification (LLOQ) [8] . While having a host of fragment ions is advantageous to peptide identification [9] , extensive fragmentation of multiply charged peptides further adds to the time-consuming selection of optimal SRM transitions, especially in the presence of interferences due to a biological matrix [10, 11] . Indeed, the process for optimizing SRM transitions for multiply charged peptides can become tedious and time-consuming, thus increasing the analytical development time. The MS equivalent of SRM in MS/MS is single ion monitoring (SIM). While SIM can provide greater sensitivity than SRM in terms of higher absolute ion signal intensity and better counting statistics, this procedure can only be satisfactorily applied to samples in simple matrices, such as neat solvents, and lacks the selectivity required for the analysis of biological extracts [10, 12] .
As the chemical background in MS of complex biological samples comprises primarily singly charged ions, techniques that can discriminate multiply charged ions from singly charged ions (chemical noise) prior to MS detection have been developed. Classical ion mobility as well as differential mobility (in differential mobility spectrometry (DMS) and high-field asymmetric waveform ion mobility spectrometry (FAIMS) [13, 14] ) have shown some degree of discrimination between charge states, but more importantly between singly charged ions and multiply charged ions as a group [15, 16] . Consequently, ion mobility-based techniques coupled to MS-based detection, such as SIM or MRM, have been proposed and evaluated as technologies to improve the quantification of peptides [17] [18] [19] [20] . Alternatively, multiply charged peptide ions can be separated from singly charged ions prior to MS detection in a procedure known as the enhanced multiply charged (EMC) scan [21] [22] [23] . During an EMC scan, a population of ions that can include singly and multiply charged species is contained within a linear ion trap (LIT) [22] . Typically, analysis of such a population will result in the multiply charged peptide ions buried in the sea of singly charged ions that constitutes the chemical background. Trapping of ions in the LIT necessitates the application of repulsive potentials to lenses that bookend the LIT [22] . The energy barrier experienced by the ions in the well is proportional to their charges: for a repulsive potential of 1 V, singly charged ions will face an energy barrier of 1 eV, while doubly charged ions will experience a 2 eV barrier. By controlling the d.c. potentials applied to these lenses, conditions can be established such that multiply charged ions are selectively retained, whereas singly charged ions escape over the lower barrier against which they are subjected [22] . By adding precursor ion selection with quadrupole (Q1) set to mass-resolving mode prior to the EMC scan, selective detection of multiply charged ions can be achieved without the need for fragmentation and MS/MS. This extended mode of operation has been referred to as targeted enhanced multiply charged (tEMC) scan [24, 25] .
In this study, we evaluate use of the tEMC scan mode for the quantification of multiply charged peptides on a hybrid quadrupole-LIT mass spectrometer. Comparisons of tEMC with traditional SRM-based approaches were performed to determine the precision, accuracy, LLOQs, and ease of use for a series of therapeutic peptides.
Experimental

Materials
Porcine dynorphin A; human angiotensin I; angiotensin II; arg-insulin; arg-vasopressin; bee melittin; exenatide; and ketoconazole (a synthetic pharmaceutical) were purchased from Sigma-Aldrich (Milwaukee, WI) and were used as received. HPLC-grade acetonitrile was purchased from JT Baker (Phillipsburg, NJ), and formic acid from EMD Chemicals (Gibbstown, NJ). Distilled deionized water was prepared in-house using a Milli-Q plus water purification system (Millipore, Bedford, MA). Protein-precipitated horse plasma (Sigma-Aldrich) was used as biological matrix in the experiments. Use of this matrix minimized the risk of endogenous interference with the peptide selected, while still providing chemical interferences typically observed with biological samples. One volume of plasma was precipitated with two volumes of acetone, shaken for 5 min, and centrifuged for 15 min at 9,000 rpm (8,887 g). The supernatant was diluted with twice the volume of water and was used as the solvent in subsequent preparations. This additional dilution step was added to lower the organic content of the solution and ensure proper loading of the peptide on column. For any given peptide, a stock solution of 5 pmol/μL, stored at −20°C, was serially diluted to give standard solutions covering the range from 1.22 to 2,500 fmol/μL used to construct the calibration curve. Serial dilution was deemed appropriate for preparation of samples in this particular study, as the relative performance of different MS-based techniques with the same instrument was at the core of the present study, and was independent of other experimental factors associated with the bioanalysis (e.g., extraction efficiency, sample handling, etc.). All analyses were performed in triplicates.
Liquid Chromatography/Mass Spectrometry
Peptide separations were conducted at room temperature using a POROS R2 2.1×100 mm, 10-μm poly(styrenedivinylbenzene) column with a particle pore size of 2,000 Å (Life Technologies, Carlsbad, CA) and at a flow rate of 500 μL/min. A Perkin-Elmer series 200 (Norwalk, CT, USA) system that comprised an autosampler and two micropumps was employed for the LC separations. The solvents used as the mobile phase were A: 98:2 water/ acetonitrile (v/v) containing 0.2% (v) formic acid; and B: 98:2 acetonitrile/water (v/v) also containing 0.2% (v) formic acid. Separation was performed by maintaining 98% of solvent A for 2 min, a linear gradient to 40% A over 3 min, followed by 2 min at 98% B, and finishing with a 3-min column re-equilibration with 98% A before the next injection.
All mass spectrometry experiments were performed by using a 4000 QTRAP hybrid quadrupole-LIT mass spectrometer (AB SCIEX, Concord, Canada), a schematic of which is shown in Figure 1 . For the SIM experiments, two of the most abundant ions (charge states) for each peptide were mass selected by Q1 (set to unit resolution) and transmitted to the detector with Q3 in r.f.-only mode. The dwell time for each of the ions was 300 ms. The SRM experiments were conducted by monitoring two transitions for the two most dominant charge states of every peptide, with Q1 and Q3 operated at unit resolution. The tEMC data were acquired with Q1 at unit resolution and typically with the exit lens barrier (EXB) voltage optimized to provide optimal discrimination between multiply charged peptide ions and singly charged matrix ions.
Analyte-specific parameters employed in this study are given in the Supplementary Information section. The following parameters were common to all the experiments: curtain gas, 20 psi; TurboV Ionspray voltage, +5 kV; ion source gas 1, 40 psi; ion source gas 2, 60 psi; source temperature, 400°C; and collision gas pressure, high. All experimental data were processed by using MultiQuant software 1.1 (AB SCIEX). Each peptide was analyzed in triplicate and the resulting calibration plot was constructed by linear regression with a weighting factor of 1/x 2 . Each of the MS detection techniques was evaluated for linearity, accuracy (reported as the percent deviation from the mean), and precision (as the coefficient of variation (CV)). LLOQs were determined by using typical bioanalytical acceptance criteria in terms of accuracy and precision (G20% for both) [26, 27] . 
Targeted Enhanced Multiply Charged Scans
The tEMC scan utilizes the resolving power of Q1 to 'target' specific ions of interest for enhanced multiply charged scanning. By contrast, a standard EMC scan accepts all ions generated at the source and traps them in the Q3 LIT. In this study, Q1 was set to select ions at the predicted charge state(s) of the peptide analyte ions prior to charge separation. These ions were then transmitted to Q3, where they were trapped by the application of d.c. voltages on lens elements on both ends of Q3. After a short cooling time, the EXB voltage (applied to the exit lens that endcaps Q3, Figure 1 ) was lowered to allow singly charged ions to escape the LIT (vide supra), while multiply charged ions were retained. Following this step, the barrier was lowered and the ions scanned out by mass-selective axial ejection (MSAE) [28] . The analytical signal for the tEMC scan is an extracted ion chromatogram derived from the signal at the m/z of the analyte ion with a window of ±0.1 Th.
A timing diagram showing the relative voltages on key elements during various phases of the experiment is presented in Figure 1 
Results and Discussion
Establishing Optimal Conditions for tEMC
The tEMC approach, which selectively enhances the detection of multiply charged analyte ions without using fragmentation, can be rapidly implemented on linear ion trap mass spectrometers. This is in contrast to methods that require fragmentation (e.g., SRM-based experiments), which often require considerable time and efforts to optimize fully. tEMC scans require the optimization of only a handful of parameters under the current implementation mode, including LIT fill time, EMC scan time, and the exit lens barrier or EXB. Similar to any linear ion trap scan and under ideal implementation of tEMC, the fill time would need to be adjusted dynamically based on the ion flux generated at the source. Under these conditions, when the signal intensity is weak (low analyte concentration), a longer fill time would be used to maximize sensitivity. By contrast, when the signal intensity is strong (high analyte concentration), a shorter fill time could be used. As dynamic control of the fill time was not available for tEMC scan, a fixed fill time of 100 ms was used for all experiments. To determine the EMC scan time (empty time), the trap was filled with both singly and doubly charged ions of different abundance ratios and the EMC scan time was varied from 50 to 300 ms, in increments of 50 ms. An EMC scan time of 200 ms was found to effectively discriminate at least 98% of singly charged ions, even when the trap contained singly charged ions in a 10-fold excess of doubly charged ions. Consequently, a fixed fill time and EMC scan time of 100 ms and 200 ms, respectively, were used for all analytes examined. The parameter that bore the greatest influence on the performance on the tEMC scans was the EXB voltage which controlled the discrimination of singly charged, background ions.
To illustrate and evaluate the effect of EXB on discriminating ions of different charge, a mixture of two compounds, ketoconazole (0.1 pmol/μL) and arg-vasopressin (0.5 pmol/ μL), was directly infused at a rate of 15 μL/min and ionized by positive-mode ESI (Figure 2a-d) . The mixture results in singly protonated ketoconazole at m/z 531.3, and doubly protonated arg-vasopressin at m/z 542.8. Protonated ketoconazole and doubly protonated arg-vasopressin were filled sequentially, each under unit mass resolution, into the LIT and then subjected to charge discrimination by controlling the EXB voltage prior to mass analysis. This resulted in changes to both the absolute and relative abundances of the two differently charged ions. The changes from an EXB voltage of 0 to 2.7 V are plotted in Figure 2d , which shows no ions were retained in the LIT when the barrier was 0.5 V or less. Trapping of doubly protonated arg-vasopressin and singly protonated ketoconazole in the LIT began with an EXB voltage ≥ 0.6 V and 1.1 V, respectively. For optimal discrimination between singly and doubly charged ions, it is apparent that an EXB voltage of 1.1 V should be employed. At a barrier of 1.1 V, only a trace of singly protonated ketoconazole was retained by the LIT versus ∼30% of doubly protonated arg-vasopressin (Figure 2a  and d) . At a higher EXB voltage of 1.5 V, ∼35% of protonated ketoconazole and over 90% of doubly protonated argvasopressin were retained (Figure 2b and d) ; discrimination between the two ions was less effective. The ketoconazole and arg-vasopressin ions have different m/z ratios and can arguably be more conveniently discriminated by means of mass filtering. Although retaining only ∼30% of the multiply charged ions may be viewed as a significant loss of the original signal, this is offset by over 90% loss of the chemical interference; in addition, this level of performance appeared to be reproducible among all peptides; thus, making it predictable and reproducible across multiple analytes. This behavior is different from SRM which exhibits high variability in transmission and fragmentation efficiencies among peptides and charge states.
A second mixture that simulated isobaric interference by protonated ketoconazole on doubly protonated bradykinin at m/z 530.8 was also evaluated (Figure 2e-h) . The two ions are unresolved when Q1 is operated at unit mass resolution, and both were transmitted into the LIT under typical analytical conditions. At an EXB voltage of 1.1 V, only doubly protonated bradykinin was retained by the LIT at an abundance of 7.0×10 4 cps (Figure 2e ) despite transmission of five times more abundant protonated ketoconazole (assuming that the response per ion was identical). At an EXB voltage higher than 1.1 V, some trapping of singly protonated ketoconazole ensued: Figure 2f and g shows tEMC mass spectra at EXB voltages of 1.5 and 2.0 V, respectively. Under these conditions, protonated ketoconazole dominated the mass spectra, which is apparent in a comparison with theoretical isotopic distributions of protonated ketoconazole and doubly protonated bradykinin at a ratio of 5:1 (Figure 2g ). Evidently, results from the analyses of the two mixtures show that an EXB voltage of 1.1 V provides optimal discrimination against singly charged (Figure 3b ), as did tEMC (Figure 3c ). While the SRM method showed less interference than the other two detection modes, SRM is typically associated with a very significant decrease in ion abundance (only 1.2% of ions are retained from MS to MS/MS for angiotensin I, and 0.3 to 5% for other peptides studied). Despite being less selective than SRM, tEMC provided adequate resolution and discrimination against background ions (see the red trace showing analysis of diluted horse plasma, the biological matrix in this experiment); in addition, optimization in tEMC was much simpler than that in SRM. Calibration plots of doubly protonated arg-vasopression performed in triplicate analyses using SRM (summing of three transitions: m/z 542.7 to m/z 921.7, 535.2, and 328.6) and using tEMC were linear with coefficients of determination (r 2 ) of 0.9948 and 0.9923, respectively. Comparable performance was also evident for other peptide ions. These ions include doubly protonated angiotensin II: SRM (summing of two transitions: m/z 523.8 to m/z 263.3 and 255.5), r 2 =0.991, and tEMC, r 2 =0.985; quadruply protonated melittin: SRM (summing three transitions: m/z 712.7 to m/z 894.7, 813.5, and 542.9), r 2 =0.995, and tEMC, r 2 =0.974; triply protonated melittin: SRM (summing three transitions: m/z 949.6 to m/z 1,106.7, 1,056.2, and 494.3), r 2 =0.9996, and tEMC, r 2 = 0.9990; quadruply protonated exenatide: SRM (summing two transitions: m/z 1,047.5 to m/z 397.5 and 300.0), r 2 =0.989, and tEMC, r 2 =0.980; and hexaprotonated (6+) arg-insulin: SRM (summing two transitions: m/z 995.0 to m/z 1,138.0 and 1,161.0), r 2 =0.995, and tEMC, r 2 =0.988. Details can be found in the Supplementary Information section.
Comparisons of SIM, SRM, and tEMC
Additionally, details of the analysis of triply protonated angiotensin I (m/z 432.9) are used to further illustrate the comparable performance of SRM and tEMC (Table 1) . For SRM, accuracies and precisions (CV) in terms of two transitions, m/z 432.9 to 619.8 and 647.5, are shown individually and after summing. Evidently, the performance of SRM and tEMC is comparable. Figure 4 shows a comparison on doubly protonated angiotensin II in a graphical format. For SRM, the CVs and accuracies for transitions from m/z 523.8 to m/z 263.3 and 255.5 are plotted individually and after summing. The accuracies between SRM and tEMC are similar and do not deviate by more than 20%, except for the sample with the lowest concentration. tEMC appears to show better precision than SRM, especially for samples of lower concentrations. The lower limits of quantification for seven multiply protonated peptides as determined by using SRM (single transition and summed transition) and tEMC are given in Table 2 . As a general trend, tEMC provided LLOQs lower than or similar to those of SRM when single transitions were considered. It was possible to improve the LLOQ in some cases when two SRM transitions were summed, but overall the LLOQs were comparable between tEMC and summed SRM. Although tEMC does not provide a systematic improvement in detection limits, its major advantage lies in the simplicity of optimization and instrumental control (only a minor tuning of EXB is required). Conservatively, we deem tEMC to perform just as well as SRM in terms of accuracy and precision, after taking into consideration of all results.
Future research in tEMC will involve evaluating its performance for the quantification of proteins or large peptides of even higher charge states, as well as implementing a 'dualfill' tEMC experiment, wherein two or more separate charge states from a single peptide/protein (e.g., [melittin + 3H] 3+ at m/z 949.6 and [melittin + 4H] 4+ at m/z 712.7) can be introduced, trapped, and manipulated in the LIT.
Conclusion
In the tEMC mode of operation, peptides are transmitted into the LIT without fragmentation and are ultimately detected as intact species after a charge-separation step. This approach enables selective detection of multiply charged peptides with LLOQs that are comparable to SRM but with much less optimization and tuning required by the user. Indeed, tEMC requires a onetime determination of the optimal EXB voltage and this value can be used across multiple peptides of differing charge states, as the primary discrimination is against background ions which tend to be singly charged. Compared to SRM, which requires pre-determination of fragment ions and associated collision energies, tEMC is by far simpler and universal. tEMC enables determination of multiply charged therapeutic peptides with minimal instrument tuning, making it a convenient, yet sensitive and selective tool for supporting the discovery and development of new therapeutic peptide candidates.
